Abstract: This paper presents finite element results of ceramic masonry prisms and walls under concentric compression. Four different hole geometries of ceramic units were studied (called Types A, B, C and D). The A-type unit had two rectangular hollows, B-type and C-type units have two rounded hollows and different net areas, and the D-type unit had two rectangular hollows and a double central web. This study analyzed units, prisms and structural walls joined by bedding mortar. The objective was to verify the stress distribution in units and mortars. The results showed that the distribution of compressive stress along the length and width of those units was uniform, but lateral tensile stress along the length was distinct for different geometries. In addition, this study observed that hollow shapes have an important influence in stress distribution. The D-type unit was the one that showed more uniform tension distribution, without peaks of stress concentration. This indicates that a D-type unit is the most efficient unit for use in masonry structures.
Introduction
 Nowadays, one of the most disseminated construction techniques in Brazil is structural masonry. Because of its simplicity of execution, availability in different regions of the country and low cost, it has received great relevance in the construction environment. Thus, the interaction between research centers and companies that produce units (blocks) has grown in the last decades, resulting in the development of different types of units and mortars.
The knowledge of the influence of unit geometry on the phenomena that results in masonry failure or how geometry influences internal stress and strain distribution is important for a complete understanding of this technique and for a safe and economic design.
On the other hand, numerical analysis is a fast and low-cost way to evaluate the behavior of structures, Corresponding author: Gihad Mohamad, Dr., research fields: masonry structures and structural analysis.
and there is some accessible software adapted to masonry analysis.
In this context, the numerical study of the influence of unit's geometry on masonry resistance can contribute to improve this technique.
Masonry Strength
Refs. [1] [2] [3] [4] [5] pointed out some aspects with great influence on masonry strength.
Block Strength
Compressive strength of units is one of the most important aspects in masonry strength. However, increasing masonry strength is not linearly proportional to increasing unit strength.
Unit Geometry
In Brazilian practice hollows blocks are used without infill. So, the presence of hollows can result in stress concentration during load application. Fig. 1 
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shows the different geometries of blocks proposed in the Brazilian standard NBR 15270-2 [6] .
Studies by Ganesan and Ramamurthy [7] evaluated the influence of different unit geometries and mortar properties over concrete masonry using the finite elements method. Stack bond prisms with three units high were simulated using a heterogeneous elastic-linear model.
Three different unit geometries were tested: (1) units with three hollows; (2) units with two hollows and standard dimensions; (3) units with two hollows and a double center. Different mortar properties were simulated using four different elasticity modulus ratios (E b /E m ): 1.0, 1.5, 2.0 and 2.8, with a constant E b . The elasticity modulus ratio is important to analyze the influence of mortar on the failure mode and strength of masonry. The ratio between net and gross areas was kept constant.
Even being constant, the relation between net and gross area were higher in units with three hollows. When compared to units with two hollows, the ones with a simple central web showed higher stress levels than the ones with double central web units. Therefore, unit's geometry influences the level and distribution of stress in masonry and masonry efficiency varies by changing geometry and type of layer.
Ganesan and Ramamurthy [7] commented about studies conducted in the Building Technology Laboratory in India, where three different unit geometries were tested. So, a face shell bedding was used for the block Type A, and a full mortar bedding was used for the others two types of units. The studied types of units, strengths and efficiency ratio are shown in Fig. 2 . 
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The researchers also pointed out the relevance of studying unit geometry to achieve a high efficiency of structural walls.
Materials and Components of Masonry
The main component used when manufacturing ceramic units is red clay. It contains silica, aluminum silicate and ferrous oxides. These components with an average grain size of 0.005 mm result in a plastic material when moist, although it becomes stiff when dry. Another important feature of moist clay is cohesion, to keep the mold's shape before and during the drying process.
During the manufacturing process, clay is dosed (formulated) to correct any faults or to amplify a specific feature, such as unit's compressive strength or fire resistance. In Brazil, the compressive strength of the available units varies from 3 MPa (low strength) to 100 MPa (high strength).
Brazilian standards [6, 8, 9] require control of the physical properties of units used in structural masonry. The NBR 15270-2 [6] limits the acceptance of units to the control of dimensions, square, flatness and water absorption. The limits for these properties are shown in Table 1 .
The same standards also limit the minimum dimensions of walls used in structural masonry. For hollow wall units, the central web must have a minimum thickness of 7 mm and side webs of at least 8 mm. The minimum web thickness of solid web ceramic units must be 20 mm, and the central web may present hollows, as its total thickness is greater than or equal to 30 mm, with 8 mm as the minimum thickness of any cross web. Fig. 3 shows the minimum web dimensions for ceramic units.
Analytical Program
The analytical program aims to evaluate the influence of the geometry of red clay ceramic units on the compressive strength of masonry prisms with three units high. Four different geometries were tested, named A, B, C and D. These four different geometries are shown in Fig. 4 . Fig. 5 shows the dimensions of each one of these unit geometries. The A-type unit is a two-rectangular hollow. B-type and C-type have two circular hollows. The difference between them is their net area, which is larger for Unit B. The D-type has two rectangular hollows but its cross web has a double thickness. More information about the analytical program and analysis results can be seen in Ref. [10] .
Numerical Analysis
The numerical analysis was performed using a computer program CASTEM 2000. This is an analysis software based on finite element method. This simulation used solid elements with eight nodes. These elements fit well because of the regular shape of units, prisms and walls.
The units, prisms and walls were discretized into meshes, as shown in Fig. 6 . For B-type and C-type units with circular hollows, meshes of tetrahedral elements with six nodes in transition zones were used.
A linear elastic isotropic model was adopted for numerical simulation of units and mortar. A preliminary analysis using elastic modulus and Poisson's ratio of materials (unit and mortar) was performed to obtain a stress-strain behavior. After that, the prisms were simulated, considering the same load condition and axial concentric compression, corresponding to mean values previously obtained on preliminary computation results and varying only the elastic modulus of the unit. A mortar with a constant modulus of elasticity of 6 GPa was used. Values for elastic modulus and Poisson's ratios of all materials simulated are shown in 
Fig. 7 Distribution of main stress on a unit (A-type).
surface, the displacements along Direction Z (axial direction) were also restricted. The load was applied by imposition of increments of compression axial force. Fig. 7 shows the main stress distribution along the length and width of the unit obtained in the linear elastic isotropic numerical model. Figs. 8 and 9 show the tensile and compressive stress along Lines 1 and 2, which represent unit's length and width, respectively. Fig. 8 shows that the distribution of stress compression is uniform along unit's length (Line 1) and width (Line 2). There is a little variation from lateral surfaces (Region "a") to the unit's center (Region "c").
It is perceptible in Fig. 9 that distribution of tensile stress along the length (Line 1) varies with unit's geometry. Small levels of compressive stress were observed next to the central web of the D-type unit. B-type and C-type units have developed low levels of compression stress in Region "c" of Fig. 9 . A concentration of tensile stress was observed in Region "a" of A-type units. When stress distribution is analyzed along Line 2 (width), geometry Types B and C had a different behavior from Types A and D, as shown in Region "a" of Fig. 9 . For Types B and C, the stress in Region "a" was compression, and it was tension for Types A and D. The distribution of tensile stress in Region "a" along Line 2 of A-type and D-type units was uniform.
To evaluate the influence of mortar's elastic modulus over the level of main stress compression developed at prism's mortar joints, a simulation changing the values of mortar's elastic modulus was conducted. Two values of mortar's elastic modulus were tested, 4.5 GPa and 6 GPa. A small variation of stress distribution was observed between these two values of elastic modulus. The highest value was in the middle of the core's face shell, highlighted in Region "a" of Fig. 10 .
By comparing stress distribution in the unit and in the mortar, compressive stress was induced to the mortar and tensile stress to the unit. Fig. 11 presents the maximum main stress in prisms along a vertical line beginning at the center of the lower unit and ending at the center of the upper unit. These numerical results showed that lateral confinement stress level in the mortar was approximately 4.5 MPa. This indicates that mortar works under tri-axial compression and unit works under biaxial tension-compression, as shown in Fig. 11 .
On walls, stress under compression load in the two central layers was analyzed for each unit's type. Evaluating compressive stress distribution on walls resulted in no significant variations along Lines 1 and 2. In addition, the distribution of tensile stress has a significant difference along unit's length and width, depending on its geometric shape. D-type units induced a more uniform distribution of tensile stress in central region (Region "a"), probably based on the presence of a double central web that provides an alignment of unit's lateral faces. In Region "c", Types B and C along Line 1 showed the lowest tensile stress level, due to the rounded shape of their hollows, reducing the amount of stress. By analyzing stress along the cross-web direction (Line 2), it is perceptible that, in the middle of cross-webs, units have a different behavior relative to geometry, as shown in Region "a" and not in Region "c".
Conclusions
This numerical analysis of ceramic unit masonry under compression supports these conclusions:
 The difference in stiffness between units and mortar results in an inversion of stress distribution in prisms. Units were under biaxial tension-compression and mortar was under tri-axial compression;  No significant variation was found in the compressive stress distribution on walls;  By analyzing the tensile stress distribution on the wall, a significant difference in stress levels along the unit's length and width was observed, depending on its 
